ABSTRACT The main objective of this paper is to design a dynamic surface adaptive fuzzy controller for a three-phase active power filter (APF). In order to deal with the nonlinearity of the APF, a fuzzy strategy combining an adaptive backstepping method is proposed where fuzzy controller is mainly responsible for the elimination of nonlinearities. Moreover, by adopting the dynamic surface method, the number of input variables of the fuzzy system in modeling could be reduced; therefore, the controller and design parameters can be implemented without complex calculation. The Lyapunov stability of closed-loop system with the fuzzy control, sliding control, and dynamic surface control could be assured. The simulation results prove that the dynamic surface adaptive fuzzy method has excellent performance in stability, robustness, adaptability, and total harmonic distortion (THD), which is confirmed to suppress harmonics effectively.
I. INTRODUCTION
Nowadays, with the rapid development of society, power electronics technology has been widely used. But because of the extensive use of non-linear loads, serious influence has been brought to power quality. [1] The source of harmonics could be described as follows: 1) the growing number of nonlinear loads connected to the grid has produced a negative impact on the quality of electric power supply [2] , 2) harmonic produced by electrical equipment, such as computers, communication equipments and electronic lighting ballasts, etc [3] , 3) because of the economic cost in the design process, the magnetization curve of the iron core is in the nonlinear saturation state. [4] The problem of that harmonics can bring damages becomes more critical in recent years. Siluvaimuthu and Chenniyappan [5] proposed that non-linear loads could result in deterioration of power quality in terms of current harmonics and reactive power demand. This will not only lead to the failure of the power grid measurement and control instrument, but also increase the possibility of fire caused by overheating of the line . So, it is very important and urgent to deal with harmonics.
The control of harmonics is mainly divided into two kinds, active devices [6] and passive devices [7] . Due to the limitations in passive devices, active devices have caught user's attention over these years. Active power filter can be divided into various kinds. Hamadi et al. [8] chose a series hybrid filter which consists of a small rated series active power filter and a shunt passive filter. Acuna et al. [9] proposed a series active filter to compensate current harmonics injected by high-power rectifiers. Shunt active power filter can compensate three-phase unbalanced current, harmonic current. Another advantage about shunt active power filter is that it can restrain the power supply point voltage fluctuation and achieve reactive power compensation.
There are many control technologies of active power filter such as adaptive control, fuzzy control ,sliding control etc. Fuzzy control is a kind of nonlinear control of computer digital control technology. [10] The key issues of this control method are: easily controlled, good robustness, better adaptability and fault tolerance. The disadvantage of this control method is that the systematic control precision needs to be improved. [11] , [12] Karuppanan and Mahapatra [13] used fuzzy logic controller to control the DC-side capacitor voltage and improved the power quality. Salim et al. [14] proposed a fuzzy logic current controller to compensate current harmonics generated by nonlinear loads. Chennai [15] adopted neural network (NN) and fuzzy current control for three-level shunt APF to improve the performances of the conventional controller. Saribulut et al. [16] chose a fuzzy controller on active power filter to reduce the rating of the required filter and the capacitor values. Sun and Huo [17] employed a fuzzy control approach into the design of spacecraft to reduce the amount of fuzzy rules and alleviate the online computation burden in the proposed control algorithm. Li et al. [18] designed a composite adaptive fuzzy output feedback controller for nonlinear strict-feedback systems .
Sliding control method is widely used in many fields, especially in industrial processes. Rahmani et al. [19] tried a sliding mode controller to provide high robustness and low tracking error. Oveisi and Nestorovic [20] put sliding control and fuzzy control together to satisfy the sufficient requirements. Paul [21] believed sliding control could be equipped to handle some issues like parametric variations and nonlinearity in load behavior. Montoya et al. [22] presented a sliding mode control based on the admittance of the photovoltaic (PV) module to follow a reference provided by an external maximum power point tracking algorithm. Baek et al. [23] presented a new adaptive sliding mode control scheme that used the time-delay estimation technique for robot manipulators. Kumar et al. [24] proposed an adaptive sliding control for a cascaded two-level inverterbased grid-connected PV system to keep the maximum power delivery of the PV in consideration.
Backstepping approach is a recursive and systematic controller for strict-feedback systems [25] , [26] . However, the explosion of complexity in the backstepping method was caused by repetitively differentiating intermediate control signals. The dynamic surface control (DSC) approach could effectively solve such an algebraic loop problem by introducing a first-order filter in each step of the controller design procedure. The application of dynamic surface control is very wide in dynamical systems [27] - [31] . Janbakhsh et al. [27] proposed an adaptive dynamic surface controller to deal with the simultaneous vehicle-handling and path-tracking improvement. Kim et al. [28] presented a fuzzy dynamic surface control to estimate immeasurable state and compensate undesirable uncertainty on motion control for a strict output feedback nonlinear dynamic system. Kheowree and Kuntanapreeda [30] used a dynamic surface controller to show better tracking performance compared with adaptive backstepping and conventional PI controllers.
In this paper, dynamic surface control is innovatively used in APF capable of improving the system response speed. A comprehensive control scheme based on adaptive control fuzzy control, sliding control and dynamic surface control is investigated. The advantages of the proposed controller are emphasized as: 1). Dynamic surface control makes it possible to respond the system more rapidly, sliding control is inserted into system to enhance stability and robustness, fuzzy control is mainly responsible for the elimination of nonlinearities. This controller can improve the power dynamic performance such as current tracking and Total Harmonic Distortion performance.
2). Dynamic surface control can reduce the number of input variables of fuzzy system in modeling. Also it is not required to assume that estimation error has a known boundary which can avoid circular argument [32] .
3). There are no relevant researches which combined adaptive fuzzy backstepping control with dynamic surface control together and applied dynamic surface adaptive fuzzy control to APF so far. So this method could be seen like an innovation point which can utilize the advantages of different control strategies.
Overall, the organization of this paper is as follows: the backgrounds , control method and innovation point of this paper are discussed in section one. Section two is the introduction of principle of active power filter and how to design the mode of system. In section three, dynamic surface adaptive fuzzy controller is designed and the stability is also proved. The performance of the proposed controller are reported in section four. Final conclusions are presented in section five.
II. PRINCIPLE OF ACTIVE POWER FILTER
The active power filter discussed in this paper is the most widely used parallel voltage type APF-shunt active power filter, which is usually applied to three-phase system where a large capacity is required. The reason why the SAPF is most applied in the three-phase system is its excellent performance and easy implementation. In this section, we will study the three-phase three-wire system and develop the dynamic analytical model of the APF. The structure of three-phase three-wire APF is shown in Fig.1 . As we can see, the APF contains three sections, harmonic current detection module, control system and main circuit. The main circuit consisting of power switching devices produces compensation currents according to the control signal from the control system. In order to eliminate harmonic component, the compensation currents should be the same magnitudes and opposite phases with the harmonic currents.
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According to Kirchhoff's voltage and current laws we can get the following circuit equations:
Where L c is the inductance of the APF, R c is the resistance of the APF and v MN is the voltage between point M and N.
By summing the three equations in (1), taking into account the absence of the zero-sequence in the three wire system currents, and assuming that the AC supply voltages are balanced, we can obtain:
The switching function c k denotes the ON/OFF status of the devices in the two legs of the IGBT bridge and c k is defined as (1) can be described as:
if S k is on and S k+3 is off 0 if S k is off and S k+3 is on
And the switching state function d nk is expressed as
Hence d nk depends on the switching function c k . Based on the eight permissible switching states of the IGBT, we can get
Equation (4) becomes Then define
The derivation of x 1 and x 2 with respect to time are described by the following equations:
So the dynamic model of APF can be written as
Where
III. DESIGN OF DYNAMIC SURFACE ADAPTIVE FUZZY CONTROL
In this section, a dynamic surface adaptive fuzzy control is derived and Lyapunov analysis is implemented to guarantee the stability of the system. The design of the controller contains three steps. Firstly, dynamic surface controller is designed. The next step is to design the complete controller and adaptive law. After the controller and adaptive law have been obtained , the stability will be proved at last. The structure chart for control system is shown in Fig.2 .
Step1 (Dynamic Surface Controller): Define the reference current as x 1d , where x 1d has continuous and second order derivative. And the tracking error can be defined as: (14) where c 1 is a non-zero positive constant. Define 1 τ s+1 is the low pass filter ofx 2 , where τ is a non-zero positive constant.
Define the virtual error as
Where α 1 is the output of the low pass filter Define the first Lyapunov function as
Then the derivative of V 1 is:
Define the filtering error as y 2 , then
Considering the reference error, virtual error, the filtering error, the definition of Lyapunov function is
The derivative of V 2 becomeṡ
Substituting (11), (18) into (20) yieldṡ
In order to obtainV 2 ≤ 0, the dynamic surface control law is designed as
where c 2 is a positive scalar.
Step 2 (Dynamic Surface Adaptive Fuzzy Sliding Controller): Using strategy of singleton fuzzification, productinference rule and center-average defuzzification, the output of adaptive fuzzy system is:
where
is fuzzy basic function,θ can be updated by the following adaptive laẇ
where γ is a positive constant.
To enhance the robustness of the control effect, sliding control term is added into the control law, choose the new control law as:
where η > 0. Then, the proof for the adaptive law (24) and the stability of the designed system are given below.
Proof: Define optimal parameter vector
where is assemble for θ. Define fuzzy approximation error ε
where f (x, y) − ξ T (x)θ * ≤ ε Considering the tracking error, virtual error, filtering error, and the fuzzy parameter error, the definition of Lyapunov function is:
where:θ =θ − θ * The derivative of V 3 is:
Substituting (21) into (29),
Taking into account that u = 1 b (−f (x) +α 1 − c 2 e 2 − ηsgn(e 2 )), then (30) becomes:
B 2 is bounded by M 2 . So, (17) , (18), (27) , (32) After further simplification of (34), we can geṫ
Assuming
Substituting (36), (37) into (35) yieldṡ
− 1 ≤ 0, (38) can be written aṡ
If we choose r ≥ 1 4p , then (39) becomes:
If we select − 1 2 ≤ |ε| max − η ≤ 0 and choose adaptive law as in (24) . then substituting (24) into (40) getṡ
The inequalityV 3 ≤ (|ε| max − η) |e 2 | ≤ 0 implies that e 2 (t),θ are bounded and t 0 |e 2 |dt ≤ 1 |ε| max −η (V (t) − V (0)) .Since V (0) is bounded and V (t) is non bounded function, so lim t→∞ t 0 |e 2 |dt is bounded and becauseė 2 is bounded so e 2 is uniformly continuous. According to Babalat's Lemma, e 2 will converge to zero asymptotically, lim t→∞ e 2 (t) → 0. 
IV. SIMULATION STUDY
To demonstrate the performance of the proposed control method, numerical simulation using MATLAB-SIMULINK is utilized to obtain the simulation results, In dynamic surface adaptive fuzzy control, we choose c1=90000, τ = 0.000005001, b=0.85, PI control method is employed for DC side current voltage, where
Choose five membership functions to make the fuzzy system:
The result is shown in Fig.3 .
In the adaptive law (24), γ = 0.0001019 .The inductance in the nonlinear load is 2mH and the resistance is 10 . The inductance in the compensation circuit is 10mH and the capacitance is 100F .APF begins to work when the switch of compensation circuit operates at 0.04 seconds. When t=0.1s , another same nonlinear load is added into the circuit because nonlinear loads are usually time varying in practical situations. When t=0.2s, one nonlinear load is removed from the circuit. the development trend of the two kinds of current is almost coincident, which shows the error is small. When t=0.04s , the switch of compensation circuit starts to work, so there is no compensating current before APF began to work. However, the current tracking speed in Fig.4 is faster than that in Fig.5 , which means dynamic surface adaptive fuzzy control have better performance in current tracking. Fig.6, Fig.7 , Fig.8 show DC side voltage diagram, the trend of source current before APF works and the trend of load current after APF works respectively. Fig.6 illustrates PI control can be used to stabilize the DC side voltage within a reasonable range. When time=0.04s, t=0.1s, t=0.2s , the number of nonlinear load changes which lead to large fluctuation, but it can quickly recover to stable regions, demonstrating the system has good stability.
Comparing Fig.7 with Fig.8 , there is no difference between these two figures before 0.04s. But since APF begins to work at 0.04s, the source current has a mutation and an obvious spike comes out. After that, it can be quickly close to the sine wave. When t=0.1s , another nonlinear load is added into the circuit, the waveform of the supply current can also be quickly stabilized and close to the sine wave. And when t=0.2s, a nonlinear load is removed from the circuit, both source current and load current can quickly recover to the value before adding nonlinear load. So, from which we can conclude that the proposed controller enhances the stability and robustness of the system, dynamic surface control allows the system to improve the ability of fast response and fuzzy control eliminates some nonlinearities in the system. Fig.7 presents a large number of harmonics in the circuit compared with Fig.8 ., which means this method has a certain effect on the elimination of harmonics. Fig.9 is the values of alfal ,and Fig.10 is the adaptive parameters. The values of the adaptive parameters converge to a fixed value, which means the designed dynamic surface system is keeping in a stable condition.
In order to further test the effect of the designed controller, hysteresis control ,adaptive fuzzy control and dynamic surface adaptive fuzzy control.
The comparison results include values of THD in four different times, when t=0s ,THD of three control methods are same . In the other times such as t=0.06s, 0.16s, 0.26s, THD of hysteresis control are higher than that of dynamic surface adaptive fuzzy control. Compared dynamic surface adaptive fuzzy control with adaptive fuzzy control, when t=0.16s, THD of these two control methods are similar, but when t=0.06s, t=0.26s, THD of dynamic surface adaptive fuzzy control are lower than that of adaptive fuzzy control. Thus the dynamic surface adaptive fuzzy control has better performance than hysteresis control and adaptive fuzzy control. Since the dynamic performance of the system has been improved, the dynamic surface adaptive fuzzy control is effective in suppressing harmonics.
V. CONCLUSION
In this paper, a parallel three phase active power filter is presented with dynamic surface adaptive fuzzy controller. Unlike hysteresis control, dynamic surface adaptive fuzzy sliding control provides lower values of THD and both stability and robustness are stronger. The study means this method is feasible to improve the stability and dynamic performance of the active power filter system, and to improve the power quality of the power transmission and distribution system. Since fuzzy-neural network control can also fully approach to any complex nonlinear systems and has strong robustness, therefore, fuzzy-neural network control system will be added to resolve some existing problems during future researches,. The effectiveness of the controller in real-time experiment for the practical application should also be implemented.
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